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ABSTRACT
Inactivation of Escherichia coli O157:H7 and Listeria monocytogenes suspended
in salt solutions Na2PO4, NaCl, NaNO3, NH4Cl, CaCl2, AlCl3, and L. monocytogenes in
salt solutions NaCl, NaNO3, AlCl3 at concentrations ranging from 0 to 5% (wt/vol) by
high-intensity ultrasound at two different temperature conditions (ice water bath, 40ºC
water bath) and three ultrasonic intensity levels (9.49, 21.83, 49.22 W/cm2) was
determined. Increases in sonication treatment time, intensity and temperature led to
increased lethality of both pathogens. However, cell lethality, as a function of solute
concentration, varied depending upon type of salt. CaCl2, NaCl, NaNO3, NaPO4, and
NH4Cl had little or no effect on survival of E. coli O157:H7 (< 1 log reduction)
regardless of other treatment conditions at 9.49 W/cm2. Concentrations > 0.5% of CaCl2,
NaNO3, NaPO4, and NH4Cl adversely affected survival (1.0 - 1.6 log reduction) with
treatment of 21.83 W/cm2 in an ice bath, and showed greater inactivation (1.2 - 4.0 log
reduction) at 40°C.  Treatment of 49.22 W/cm2 showed the greatest impact regardless of
other parameters. At 40°C, treatment for 10 minutes at 49.22 W/cm2 led to total
inactivation for bacteria suspended in 0.5% NH4Cl, 1% CaCl3, 2% NaCl, 5% NaPO4, and
all concentrations of AlCl3. Complete inactivation also occurred in an ice bath for 5%
AlCl3, which was shown to be the most effective salt. 
 NaCl and NaNO3 had little or no effect on survival of L. monocytogenes (< 1 log
reduction) regardless of other treatment conditions at 9.49 W/cm2.  Concentrations >
0.5% of NaCl and AlCl3 adversely affected survival (0.2 -1.6 log reduction) with
treatment of 21.83 W/cm2 in an ice bath and showed greater inactivation (0.4 - 5.2 log
iv
reduction) at 40°C.  Regardless of other treatment parameters, sonication at 49.22 W/cm2
showed the greatest lethal impact. Treatment for 10 minutes at 40°C at 49.22 W/cm2 led
to a 4.8 - 5.7 log reduction for cells suspended in all concentrations of NaNO3. Typically,
L. monocytogenes was more resistant to ultrasound treatment than E. coli O157:H7.
Inactivation of pathogens is attributed to cavitation-induced shear forces, reaction
of cavitation-generated hydrogen peroxide with microbial cell wall constituents and
electrostatic interactions of dissociated salts with cell membranes.
vTABLE OF CONTENTS
Chapter Page
I. REVIEW OF LITERATURE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
HIGH-INTENSITY ULTRASOUND . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
Mechanism of Ultrasound Action . . . . . . . . . . . . . . . . . . . . . . . . . 2
High-Intensity Ultrasound Processing Parameters . . . . . . . . . . . . 4
Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
Solvent Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
Pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
Intensity & Frequency . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
Treatment Time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
EFFECT OF ULTRASOUND ON BACTERIAL CELLS . . . . . . . . . . . . 9
Characteristics of Bacterial Cells . . . . . . . . . . . . . . . . . . . . . . . . . . 9
Size and Shape . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
Growth Phase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
Gram Reaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
Enzyme Inactivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
ESCHERICHIA COLI O157:H7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
Pathogenesis of Escherichia coli O157:H7 . . . . . . . . . . . . . . . . . 13
E. coli O157:H7 and Cider . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
E. coli O157:H7 and Ultrasound . . . . . . . . . . . . . . . . . . . . . . . . . 15
LISTERIA MONOCYTOGENES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
Listeriosis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
II. INACTIVATION OF ESCHERICHIA COLI O157:H7 BY HIGH-INTENSITY
ULTRASOUND IN THE PRESENCE OF SALTS . . . . . . . . . . . . . . . . . . . . . . 19
OBJECTIVE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
MATERIALS AND METHODS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
Culture Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
Salt Solution Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
Sonication Treatment Procedure . . . . . . . . . . . . . . . . . . . . . . . . . 21
Enumeration Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
pH Measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
Spectrophotometric Hydrogen Peroxide Assay . . . . . . . . . . . . . . 23
Statistical Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
RESULTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
Influence of pH and Temperature Control . . . . . . . . . . . . . . . . . . 24
Effect of Salts Alone . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
Effect of High-Intensity Ultrasound Alone . . . . . . . . . . . . . . . . . 25
Effect of Salt Concentration and High-Intensity Ultrasound . . . . 26
Effect of Ultrasonic Wave Intensity . . . . . . . . . . . . . . . . . . . . . . 27
vi
Effect of Sonication Temperature . . . . . . . . . . . . . . . . . . . . . . . . 27
Effect of Salt Type . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
DISCUSSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
III. INACTIVATION OF LISTERIA MONOCYTOGENES BY HIGH-INTENSITY
ULTRASOUND IN THE PRESENCE OF SALTS . . . . . . . . . . . . . . . . . . . . . . 36
OBJECTIVE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
MATERIALS AND METHODS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
Culture Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
Salt Solution Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
Sonication Treatment Procedure . . . . . . . . . . . . . . . . . . . . . . . . . 38
Enumeration Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
pH Measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
Statistical Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
RESULTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
Influence of pH and Temperature Control . . . . . . . . . . . . . . . . . . 40
Effect of Salts Alone . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
Effect of High-Intensity Ultrasound Alone . . . . . . . . . . . . . . . . . 41
Effect of Solute Concentration and High-Intensity Ultrasound . . 42
Effect of Ultrasonic Wave Intensity . . . . . . . . . . . . . . . . . . . . . . 43
Effect of Sonication Temperature . . . . . . . . . . . . . . . . . . . . . . . . 43
Effect of Salt Type . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
Effect of Ultrasound Treatment Time . . . . . . . . . . . . . . . . . . . . . 44
DISCUSSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
IV. INACTIVATION OF ESCHERICHIA COLI O157:H7 BY HIGH-INTENSITY
ULTRASOUND IN THE PRESENCE OF TWEEN 20 . . . . . . . . . . . . . . . . . . . 47
OBJECTIVE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
MATERIALS AND METHODS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
Culture Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
Tween 20 Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
Sonication Treatment Procedure . . . . . . . . . . . . . . . . . . . . . . . . . 49
Enumeration Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
Statistical Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
RESULTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
Effect of Tween 20 Concentration . . . . . . . . . . . . . . . . . . . . . . . . 51
Effect of Ultrasonic Wave Intensity . . . . . . . . . . . . . . . . . . . . . . 51
Effect of Ultrasound Treatment Time . . . . . . . . . . . . . . . . . . . . . 51
DISCUSSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
APPENDIX . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
vii
FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
STATISTICAL ANALYSIS PROGRAM . . . . . . . . . . . . . . . . . . . . . . . . 79
VITA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
viii
LIST OF TABLES
Table Page
1. pH of aqueous salt solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
2. Temperature profile of water during ultrasound treatment . . . . . . . . . . . . . . . . . 68
3. Hydrogen peroxide produced in NaCl solutions during ultrasound 
treatment at 22°C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
4. Hydrogen peroxide produced in AlCl3 solutions during ultrasound
treatment at 22°C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
ix
LIST OF FIGURES
Figure Page
1. Inactivation of E. coli O157:H7 with ultrasound in AlCl3 solutions at 40°C:
(A) 9.49 W/cm2, (B) 22.83 W/cm2, and (C) 49.22 W/cm2  and in an ice bath:
(D) 9.49 W/cm2, (E) 22.83 W/cm2, and (F) 49.22 W/cm2. . . . . . . . . . . . . . . . . . 71
2. Inactivation of E. coli O157:H7 with ultrasound in NaCl solutions at 40°C:
(A) 9.49 W/cm2, (B) 22.83 W/cm2, and (C) 49.22 W/cm2 and in an ice bath:
(D) 9.49 W/cm2, (E) 22.83 W/cm2, and (F) 49.22 W/cm2. . . . . . . . . . . . . . . . . . 72
3. Inactivation of E. coli O157:H7 with ultrasound in 0.5% (wt/vol) salt solutions
at 40°C: (A) 9.49 W/cm2, (B) 22.83 W/cm2, and (C) 49.22 W/cm2 and in an ice
bath: (D) 9.49 W/cm2, (E) 22.83 W/cm2, and (F) 49.22 W/cm2. . . . . . . . . . . . . . 73
4. Inactivation of E. coli O157:H7 with ultrasound in 5% (wt/vol) salt solutions at
40°C:  (A) 9.49 W/cm2, (B) 22.83 W/cm2, and (C) 49.22 W/cm2 and in an ice
bath: (D) 9.49 W/cm2, (E) 22.83 W/cm2, and (F) 49.22 W/cm2. . . . . . . . . . . . . . 74
5. Inactivation of L. monocytogenes Scott A with ultrasound in AlCl3 solutions at
40°C: (A) 9.49 W/cm2, (B) 22.83 W/cm2, and (C) 49.22 W/cm2 and in an ice
bath: (D) 9.49 W/cm2, (E) 22.83 W/cm2, and (F) 49.22 W/cm2. . . . . . . . . . . . . . 75
6. Inactivation of L. monocytogenes Scott A with ultrasound in NaCl solution at
40°C: (A) 9.49 W/cm2, (B) 22.83 W/cm2, and (C) 49.22 W/cm2 and
in an ice bath: (D) 9.49 W/cm2, (E) 22.83 W/cm2, and (F) 49.22 W/cm2. . . . . . . 76
7. Inactivation of L. monocytogenes Scott A with ultrasound in NaNO3 solutions
at 40°C: (A) 9.49 W/cm2, (B) 22.83 W/cm2, and (C) 49.22 W/cm2 and in an ice
bath: (D) 9.49 W/cm2, (E) 22.83 W/cm2, and (F) 49.22 W/cm2. . . . . . . . . . . . . . 77
8. Inactivation of E. coli O157:H7 with ultrasound in Tween 20 solutions in an ice
bath: (A) 9.49 W/cm2, (B) 22.83 W/cm2, and (C) 49.22 W/cm2. . . . . . . . . . . . 78
1CHAPTER I
REVIEW OF LITERATURE
2HIGH-INTENSITY ULTRASOUND
Introduction
High-intensity ultrasound is accomplished by a combination of high-frequency
sound waves (20-100kHz) and large amplitudes (1-100W/cm2). Sound waves interacting
with materials in the treated medium are able to alter properties of the medium by
converting wave energy into mechanical and thermal energy (Mason et al 1992;
McClements 1995). High-intensity ultrasound is an efficient processing and preservation
method used in the food industry and can be used to denature enzymes, tenderize meat,
and as an emulsifier (Mason et al 1996). Ultrasound may also be used to improve existing
food processing methods. Solvent extraction of components in agricultural raw materials
can be enhanced because of increased penetration of solvent and solute, and this
extraction may be performed at low temperatures, thereby preserving the quality of the
extract (Fukase et al 1994). High intensity ultrasound can also be used to reduce the size
of fat globules in milk because cavitation is able to cause emulsions with reduced droplet
sizes to form in heterogenous liquid systems.
Mechanism of Ultrasound Action
The mechanism of ultrasonic action is related to heating, cavitation, shear
stresses, compression and rarefication, and turbulence (Floros and Liang 1994). During
sonication treatment, a selective temperature increase may take place. This is a result of
specific absorption of acoustic energy by membranes and biomaterials, primarily at their
interfaces (Lehmann and Becker 1951; Lehmann and Krusen 1954). Researchers have
3observed localized temperature increases in sound fields of up to 5000°C for a few
nanoseconds (Suslick and Hammerton 1985; Suslick et al 1996). Floros and Liang (1994)
determined that significant temperature increases (5 - 60°C) occur in high sugar
concentrations during ultrasound treatments. This temperature increase is attributed to
absorption of sound waves by a liquid or liquid/membrane interface or due to adiabatic
compression of the medium (Flores and Liang 1994).
Acoustic cavitation is the formation, growth and violent collapse of small bubbles
in liquids as a result of a fluctuation in pressure (Suslick 1998; Thakore et al 1990).
Cavitation is known to produce free chemical ions (radicals), depolymerize reactions by
dispersing aggregates or breaking chemical bonds, increase emulsification, produce
highly concentrated emulsions, extract substances such as enzymes from cells, and erode
and break down particles including microorganisms (Webster 1963; Neippiras 1984;
Apfel 1984). Cavitation bubbles produce localized hot spots at temperatures as high as
4000 K and pressures of 100 MPa. The bubbles have a short lifetime, often as short as 0.1
µs, and the rapid and violent collapse of the bubbles produces shear forces strong enough
to break covalent bonds in materials dissolved in the bulk phase (Neippiras 1984).
Free radicals produced during high-intensity ultrasound treatment have an
unknown role in cellular inactivation. It has been proposed that sonication treatment in
aqueous solutions yields hydroxyl radicals (COH) and hydrogen atoms (CH) (Makino et al
1982). Other studies have shown evidence for the partial contribution of cavitation-
induced free radicals in cell killing (Clarke and Hill 1970; Fu et al 1979; Armour and
Corry 1982; Dooley et al 1984). The extent to which free radicals play a role in cellular
4inactivation, however, is not fully understood.
High-Intensity Ultrasound Processing Parameters
Temperature
The temperature of an ultrasound-treated medium plays a significant role in the
destruction of microorganisms. When heat is applied along with ultrasound
(thermosonication), cell disruption is enhanced. This increase in destruction is attributed
to the action of the bacterial cell being attacked in more than one direction (Earnshaw et
al 1995). One study shows there is an increased effect of sonication at higher
temperatures, and therefore confirmed the synergism of ultrasound in combination with
heat (Ciccolini et al 1997). This synergism means the effect of ultrasound treatment along
with elevated heat levels is more destructive than the additive effect of either treatment
independently (Ordonez et al 1984).
The destruction by heat does, however, have a threshold.  In a study conducted by
Raso et al (1998b), thermal inactivation of Yersinia enterocolitica suspended in lab
culture increased when heat was combined with ultrasound. However, the researchers
found that inactivation of the cells decreased as the temperature of the sonicated media
increased. This can be explained because as the temperature of the sonicated media
increases, water vapor also increases.  Along with these increases, there is a decrease in
surface tension and viscosity, therefore resulting in reduced cavitation intensities, which
leads to a reduction in the efficacy of the ultrasound treatment (Ratoarinoro et al 1995). 
Under these conditions, more cavitation bubbles are formed, but these bubbles are
5smaller and the explosion of the bubbles, which is crucial to inducing cell damage, is
decreased (Alliger 1975; Berliner 1984). 
Solvent Properties
The medium in which ultrasound treatment is performed is a key component
influencing the efficacy of treatments.  In given liquids, there are external factors such as
surface tension, viscosity, and the vapor pressure of the liquid which affect ultrasound
(Paci 1953).  The composition of the medium can offer protection for the bacterial cells
when they are under ultrasonic conditions. This can occur because components in the
liquid may aid in the survival of cells, or because the composition of the liquid itself
inhibits the progress of normal ultrasonic waves, therefore protecting the cell from
disintegration (Paci 1953).
A salmonellae population was reduced by approximately 4 logs over the course of
a 10-minute sonication treatment of peptone water.  However, a decrease of only 0.8 logs
was observed during a 30-minute treatment of chocolate milk (Lee et al 1989).  Results
similar to these were also observed during other studies.  Staphylococcus aureus cells
were found to be five times more resistant to the effects of ultrasound in milk than in
buffer solution. A combination of ultrasound and heat decreased decimal reduction times
by 63% when the organisms were suspended in buffer, and only by 43% when the
suspension is milk (Paci 1953).  This trend is also noticed with whole milk as compared
to skim milk.  An increased ultrasonic destruction of lactic streptococci was observed in
6skim milk, as compared to a lower level of cell disruption in whole milk (Elliot and
Winder 1955).
Pressure
An external factor affecting the inactivation of cells by ultrasound treatment is the
pressure under which the system is held.  Cavitation produces rapid, alternating
pressures, which disrupt microbial structures, therefore resulting in the breakdown of the
cell wall (Lopez-Malo et al 1999).  The application of static pressure during ultrasound
treatment (manosonication) compresses and dissolves air bubbles in the fluid medium.
This increases the intensity of cavitation bubble collapse  because air that would
otherwise cushion the bubbles during collapse is removed.  Research has proven that
increasing the static pressure of the system causes a distinct increase in the lethality of
ultrasound. However, after an optimum pressure is reached, that being when cellular
death occurs, further increases in pressure result in a decrease in efficacy. This can be
attributed to the fact that higher ambient pressures can suppress cavitation, and increased
vapor pressures within a cavitation bubble can decrease the violence of the bubble
collapse (Raso et al 1988b). 
A combination of increased pressure and increased temperature
(manothermosonication) has proven to be a more effective tool (Raso et al 1998a).  At
temperatures as high as 58°C, the lethality of ultrasound treatment under pressure has
been shown to be greater than that of heat alone at the same temperature.  However, at
7very high temperatures, these differences seem to disappear. Heat and ultrasonic waves
under pressure have been observed to act independently upon cells (Raso et al 1998b).
Intensity & Frequency
An increase in the treatment intensity during ultrasound treatment results in an
increase in detrimental effects to microorganisms  (Mason et al 1990).  Increased power
output level results in faster cell killing, and by controlling the power levels and duration
of treatment, the amount of cell kill can be controlled (Allison et al 1996).
For E. coli, the most effective frequency for inactivation has been determined to
be 205 kHz.  It is expected that by increasing this frequency, inactivation levels also
increase (Hua and Thompson 2000). Y. enterocolitica  shows an exponential decrease in
numbers when there is a linear increase in the amplitude of the system (Raso et al 1998b). 
L. monocytogenes exhibits the same relationship, showing a linear relationship between
the intensity delivered to the treatment medium and the level of inactivation. This
relationship remains linear regardless of the other experimental conditions such as
treatment amplitude values and pressures that the bacterium is held under (Manas et al
2000).
It is believed that there are ideal intensity levels under which microorganisms are
inactivated.  However, above these ideal levels, increased intensity can hinder
destruction.  This decreased efficiency of inactivation with increased intensity of
ultrasonic waves can be explained by the rationale that under these conditions, a cushion
of bubbles forms under the tip of the applicator.  This causes separation from the
8ultrasound-treated solution (Rataorinoro et al 1995), therefore decreasing the ultrasound
efficiency (Gennaro et al 1999).  
The frequency of sonication also plays an important role along with the intensity
level of the given treatment.  At a frequency greater than 15 kHz, waves generated by
mechanical vibrations are ultrasonic waves (Raso et al 1998b).  As the frequency of
ultrasound increases, cavitation bubbles become more difficult to produce (Dogner et al
1990).  When the system is held under a constant power input, cavitation is more intense
at a lower frequency than at a higher frequency. This occurs because partial displacement
for a given power input is inversely proportional to the frequency of the system (Thomas
1961).
When frequency levels are too high, the implosion of cavitation bubbles lacks the
magnitude to develop significant energy upon collapse (Wladyka et al 1963).  According
to Noltingk and Nepiras (1951), cavitation is more prevalent and intense at lower
frequency levels, and this intensity disappears at high frequency levels. The damaging
and destructive nature of ultrasound at elevated frequencies (400 to 1000 kHz) has been
demonstrated on biological materials (Cowden and Abell 1963; Clark and Hill 1970).  An
increase in wave intensity shows a decrease in decimal reduction times for the bacterium
E. coli (Allison et al 1996), and the rate of bacterial cell inactivation by ultrasonic waves
increases with an increase in wave amplitude (Pagan et al 1999).  Manas and others
(2000) demonstrated that linear increases in the amplitude of ultrasonic waves increases
the inactivation rate of manosonication treatments exponentially.
9Treatment Time
The duration a medium is treated with ultrasound is another crucial internal
factor.  As a general trend, inactivation of bacteria increases with a combination of time
and temperature (Villamiel and Jong 2000).  The ultrasonic treatment of Salmonella
Eastbourne in a milk chocolate medium destroys approximately 26% of the bacteria after
a 10-min period of exposure.  When the same bacteria are held under the same conditions
for an increased time period of thirty minutes, the level of cell destruction increases to
74% (Lee et al 1989). Increased lethality with increased duration of exposure is also
observed with the E. coli, S. aureus, Bacillus subtilis, and Pseudomonas aeruginosa.  The
relative percent kill for these bacteria is increased as the duration of exposure time is
increased (Scherba et al 1991).
EFFECT OF ULTRASOUND ON BACTERIAL CELLS
Characteristics of Bacterial Cells
Size and Shape
 Ultrasound treatment shows differing effects on cells depending on their size and
shape.  Alliger (1975) shows that generally smaller and rounder cells are more resistant
to ultrasound treatment. Larger cells are generally more sensitive to ultrasound treatments
since the cell has a greater surface area (Ahmed & Russell 1975).  The larger surface area
allows the cell to be increasingly exposed to pressure produced by cavitation, therefore
increasing damage to the cell (Earnshaw et al 1995). Typically, Gram-negative rods are
more vulnerable to ultrasound than Gram-positive cocci (Alliger 1975; Ahmed & Russell
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1975; Davies 1959; Villamiel & Jong 2000; Yen & Lui 1934).  Bacterial spores have
proven to be quite resistant to ultrasound treatment, and this resistance may be related to
the thick exosporium that aids in protecting the spore (Berger and Marr 1960). However,
when spores are subjected to ultrasound treatments, their resistance to heat markedly
decreases (Palacios et al 1991).
Growth Phase
Bacterial cells in the stationary phase of growth are more resistant to ultrasound
treatment than in the exponential phase of growth (Vollmer et al 1998).  E. coli cells
cultivated on agar or from the stationary phase of a liquid culture are significantly more
sensitive to ultrasound treatment than an equal population of E. coli cells taken from the
exponential phase of a liquid culture (Allison et al 1996).
Gram Reaction
Differing results based on the effect of ultrasound treatment with regard to the
Gram reaction of cells have been obtained by many studies.  According to Scherba
(Scherba et al 1991), there is no difference in the inactivation of Gram-negative bacteria
(P. aeroginosa and E. coli) compared with the inactivation of Gram-positive bacteria (S.
aureus and B. subtilis).  These researchers proposed that ultrasound damaged cells by an
unknown mechanism, in which damage originated in the cytoplasm rather than the cell
wall, thereby affecting Gram-negative and Gram-positive bacteria in the same manner
(Scherba et al 1991).
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However, other studies have shown a difference in the inactivation rates of
bacteria based on their Gram reactions.  In these studies, Gram-positive bacteria were
more resistant to ultrasound treatment than Gram-negative bacteria (Ahmed & Russell
1975; Davies 1959).  Theories for these phenomena are based on the proposal that
ultrasound damages the cell by a mechanism of cell wall-based destruction of the
bacterium. These theories are rationalized by the fact that Gram-positive bacteria contain
a cell wall composed of a thick peptidoglycan layer, whereas Gram-negative bacteria
lack this feature. This layer could aid in the protection of Gram-positive bacteria from the
damaging effects of ultrasound.
Enzyme Inactivation
In 1937, Chambers reported the first use of enzyme inactivation by ultrasound
with the enzyme pepsin (Mason et al 1996). Cavitation was proposed as the mode of
enzyme inactivation. Activity of peroxidase was significantly reduced after ultrasound
treatment. Treatments of 20 kHz on peroxidase dissolved in 0.1 M potassium phosphate
at 20°C resulted in a 90% reduction in enzyme activity after a three hour treatment
(Mason et al 1996). The intensity and other treatment conditions determine whether
ultrasound acts as an enzyme activator or in-activator (McClements 1995).  Enzyme
inactivation relies on the composition of the bulk phase in which the enzyme is dispersed.
Inactivation effects decrease with increased enzyme concentration, and increase with
increased solid concentrations. A synergistic effect on enzyme inactivation is observed
when a combination of heat and pressure (manothermosonication) are used during
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ultrasound treatment (Lopez et al 1994; Lopez and Burgos 1995a,b; Vercet et al 1997).
ESCHERICHIA COLI O157:H7
E. coli O157:H7 is a facultatively anaerobic Gram-negative, rod-shaped
bacterium that is capable of forming shiga-like toxins. The nomenclature of the bacterium
is based on serological analysis: lipopolysaccharide (O) type 157 and flagellar (H) type 7
(IFT 2000). The bacterium is a member of a group of enterohemhorrhagic E. coli
(EHEC), that cause hemorrhagic colitis (IFT 2000).  E. coli O157:H7 grows in the
temperature range of 8 - 42.5°C, and can survive well at refrigeration and freezing
temperatures (NFPA 2002). This bacterium differs from other E. coli strains since it does
not grow well at 44 - 45.5°C, which is the usual temperature for E. coli detection in water
and food (Doyle 1991; Raghubeer and Matches 1990). The optimal growth temperature is
37°C, and the bacterium can survive at pH as low as 3.6 with sodium chloride
concentration of 3.5% (Albrecht 2004).
Isolates of E. coli O157:H7 have come from implicated ground beef, raw milk,
unpasteurized juices and veal chops (CDC 1993; Hockin et al 1987; Lior 1988; Martin et
al 1986; Wells et al 1983; Wells et al 1991). The bacterium has also been isolated from
products such as lettuce, cantaloupe,  lamb, chicken, turkey, pork, beef, venison, veal
kidneys, and untreated surface water (Doyle 1991; Doyle and Schoeni 1987; Griffen and
Tauxe 1991; McGowan et al 1989, NFPA 2002). Epidemiological studies have shown
healthy cattle are a carrier of the bacterium. Therefore, many foodborne outbreaks have
resulted from the consumption of contaminated foods of  bovine origin (NFPA 2002).
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Since E. coli O157:H7 can survive relatively harsh conditions, the organism can survive
for long periods of time in feces, soil, and water. When animal wastes are used as
fertilizers, raw fruits and vegetables may be easily contaminated with the bacterium
(NFPA 2002). Rainwater runoff can spread the bacterium to water reservoirs and wells,
and fecal contamination at slaughter may result in contamination of meat (IFT 2000).
Pathogenesis of E. coli O157:H7
There are an estimated 73,000 annual cases of E. coli O157:H7, leading to an
estimated 2,100 hospitalizations in the United States (CDC 1993).  E. coli O157:H7
illness symptoms generally include severe abdominal cramps and diarrhea (often times
bloody), and can lead to death. In children under the age of five, infection can lead to a
complication known as hemolytic uremic syndrome (HUS), generating to red blood cell
destruction, renal failure, and central nervous system symptoms (Parsonett and Griffen
1993). HUS is a serious illness, causing death of 3 - 5% of affected children, and leaving
12% of affected children with severe renal impairment, neurological injury, or
hypertension (Martin et al 1990; Milford et al 1990; Rowe et al 1991; Siegler et al 1994).
Another syndrome similar to HUS is thrombotic thrombocytopenic purpura (TTP).
Occurring primarily in adults, TTP includes all the clinical features of HUS, however,
less frequent renal failure and more frequent neurological injury occurs with TTP
(Amorosi and Ultmann 1966; Remuzzi and Garella 1987).  
E. coli O157:H7 can cause disease at a low infectious dose (10 - 100 cells). This
can be attributed to the tolerance of the bacteria to low pH, which facilitates passage
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through the stomach (IFT 2000). The preferred adhesion site for EHEC is the large bowel
(IFT 2000). In order to cause disease, EHEC must posses a Shiga toxin gene and a gene
that enables the bacteria to adhere to epithelial cells and form a pedestal on the epithelial
surface for the bacteria to reside (IFT 2000). Shiga toxins are composed of two
components, a B subunit which enables the toxin to adhere to a specific receptor by
conferring tissue specificity, and an A subunit of the toxin, which is delivered into the
host cell to inhibit protein synthesis, resulting in cell death (IFT 2000). These toxins
target specific cells, including the endothelial cells of blood vessels. These cells
accumulate, clog up the kidney, and lead to the formation of  HUS (IFT 2000).
E. coli O157:H7 and Cider
In October, 1996, unpasteurized apple cider and juice were associated with two
outbreaks of E. coli O157:H7. The first outbreak occurred in the Western United States
and was associated with unpasteurized apple juice. This outbreak caused illness in 66
people and caused one death (CDC 1996).  The second outbreak occurred in the
Northeastern United States and involved contaminated apple cider, which resulted in
illness to 14 people, one case of HUS and one case of TTP (CDC 1996).  
Apple cider is a traditional autumn beverage, and is often manufactured locally at
small cider mills. The apples are crushed in presses and the cider is frequently
unpasteurized. Although the exact mechanism for contamination is not known in these
cases, manure was suspected to have contaminated the apples (CDC 1996). Apples that
have already fallen from the tree are often used to make apple cider (Besser et al 1993),
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and if these apples rest on ground that is contaminated with manure, then they too can
become contaminated. An outbreak of E. coli O157:H7 infections in 1991 occurred from
a cider mill that also served as an area for cattle (Besser et al 1993). The cattle grazed
adjacent to the mill, and this resulted in manure inadvertently contacting the apples
(Besser et al 1993).  
There are two key factors that complicate efforts to reduce E. coli O157:H7
contamination in ciders and juices. First, only a small number of the bacteria (less than
1000) are required to cause illness (Griffen et al 1994). Secondly, E. coli O157:H7 is
acid-tolerant. Apple ciders and juices are usually acidic with a pH range of 3 - 4 (Miller
and Kaspar 1994; Zhao et al 1993), but the bacterium can survive under these conditions
for up to four weeks (Millard et al 1994; Zhao et al 1993). E. coli O157:H7 also can
survive under refrigeration temperatures, and the addition of preservatives to ciders to
kill the bacterium do not consistently work (Miller and Kaspar 1994; Zhao et al 1993).
E. coli O157:H7 and Ultrasound
Experimental results of ultrasound treatment of E. coli have shown inactivation of
the bacteria most likely results from a combination of physical and chemical mechanisms
that occur during acoustic cavitation, and it is expected that higher intensities enhance
inactivation rates (Hua and Thompson 2000). Other research involving E. coli O157:H7
and alfalfa seeds showed ultrasound treatment in combination with chemicals and heat
(55°C) are most effective in reducing the population of the bacteria (Scouten and Beuchat
2002).
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Another ultrasound experiment conducted by Allison and others (1996) proposed
the detrimental agent for E. coli death occurs from the mechanical effects of ultrasound,
such as stable and transient cavitation as opposed to free radical damage. Increased
power results in a decrease in decimal reduction times, and temperatures above 50°C
cause protein denaturation and yield higher inactivation rates than the non-thermal
ultrasound treatments. These researchers also found that E. coli susceptibility varies with
growth conditions. Cells cultivated on agar or harvested from the stationary phase of
growth were more susceptible to ultrasound treatment than a population from the
exponential growth phase of a liquid media (Allison et al 1996).
LISTERIA MONOCYTOGENES
L. monocytogenes, a small Gram-positive rod, has received attention from the
food safety community due to the ability of the organism to grow at refrigeration
temperatures. L. monocytogenes is ubiquitous, being found in soil, water, sewage and the
environment (Jay 1996). The organism has been found in many domestic and wild
animals, including 37 species of mammals and 17 species of birds (FDA 2001). 
L. monocytogenes is a facultative anaerobe, and is capable of survival under harsh
conditions. The bacterium resists heat, salt, nitrite, and acidity better than most other
microorganisms (FDA 2001). L. monocytogenes can grow in NaCl concentrations as high
as 6% (Jay 1996). Survival can be maintained in salt concentrations as high as 20% under
ideal conditions (neutral pH and low temperature). However, L. monocytogenes may
survive, but not grow, in 18% salt concentration at pH 4 (NZFSA 2003). The ideal pH
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range for growth is pH 6-8, however, the bacterium may grow in the range of pH 4.1-9.6
(Jay 1996). Growth temperatures of the bacterium range from 1 - 45°C, with ideal growth
occurring between 30 and 47°C (Rocourt and Cassart 1997).
Since L. monocytogenes is found throughout the environment, prevention of the
bacterium in the food supply is a difficult task. Animals are infected from silage and from
fecal matter from other animals, and meat is contaminated from feces. Crops may be
contaminated by the soil or by contaminated irrigation water. Processing plants are also
problematic areas for the bacterium, since shoes, transportation equipment, and human
carriers are all possible sources for contamination (Rocourt and Cossart 1997; Johnson et
al 1990). The bacterium can be isolated from drains, conveyor belts, walls, cleaning tools
and coolers. Transmission of the bacterium can occur from the environment to food and
then to the consumer (Tompkin et al 1997). 
Treatment of L. monocytogenes with high-powered ultrasound at a low
temperature (<33°C) and a intensity of 1.44 W/cm3 has been shown to yield a 0.6 - 2.7
log reduction after 20 minutes of ultrasound treatment. L. monocytogenes Scott A was
shown to be the most resistant strain of the bacteria (Ugarte-Romero 2003). Other
research has shown the greatest inactivation of L. monocytogenes occurs with
manothermosonication treatment, which is combination of high-intensity ultrasound
treatment with heat and pressure (Pagan et al 1999).
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Listeriosis
Listeriosis is the disease caused by L. monocytogenes. Those most at risk for
listeriosis include persons over 60 years of age, newborns, and those with
immunosuppressed conditions such as AIDS, cancer, cirrhosis and diabetes (FDA 2001).
Symptoms of the disease vary depending on the susceptibility of the individual. The
symptoms may be fever, nausea, fatigue, diarrhea and vomiting. The time required for a
more serious case of listeriosis to develop can be from one to six weeks and can result in
meningitis and septicemia (FDA 2001). Pregnant women are also at an elevated risk for
listeriosis. One-third of listeriosis infections occur during pregnancy, and these may lead
to spontaneous abortions, stillbirth, miscarriage or serious illnesses in the newborn such
as septicemia and meningitis (FDA 2001).
The infective dosage for listeriosis varies depending on the susceptibility of the
individual.  The Centers for Disease Control (CDC) projects nearly 1850 annual cases of
human listeriosis. Out of these incidences, there are an estimated 425 deaths each year in
the United States, which is a death rate greater than 20% (CDC 1998). When the patient
is older and has a compromised immune system, the rate of mortality increases.
Listeriosis accounts for about 5% of the foodborne illness deaths in the United States
each year (CDC 1988). L. monocytogenes has been isolated from raw unpasteurized milk,
soft cheese and other dairy products, vegetables, fruits, seafood, poultry, and ready-to-eat
meat products (Jay 1996; Rocourt and Cossart 1997).
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CHAPTER II
INACTIVATION OF ESCHERICHIA COLI O157:H7 BY HIGH-INTENSITY
ULTRASOUND IN THE PRESENCE OF SALTS
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OBJECTIVE
The objective of this study was to evaluate the efficacy of various salts and salt
concentrations, ultrasound treatment times, and ultrasound intensities to increase the
inactivating effect of high-intensity ultrasound against Escherichia coli O157:H7. The
influence of these treatment parameters on E. coli O157:H7 inactivation were also
compared at different treatment temperatures.
MATERIALS AND METHODS 
Culture Preparation
E. coli O157:H7 (cider isolate) was grown in nine mL of tryptic soy broth (TSB;
Difco, BD Diagnostic Systems; Sparks, MD) at 37°C for 16 hours, with a minimum of
two successive transfers before use in sonication studies. Cells were harvested by
centrifugation at 10,000 x g at 4°C for 10 min. The supernatant was decanted, and the
pellet was resuspended in nine mL of the appropriate sterile salt solution. E. coli
O157:H7 populations in salt solutions were determined by surface plating (0.1 mL) serial
dilutions (in appropriate salt solution) onto tryptic soy agar (TSA; Difco, BD Diagnostic
Systems; Sparks, MD), followed by incubation at 37°C for 24 hr.
Salt Solution Preparation
Aqueous solutions of sodium chloride (NaCl), sodium phosphate (NaPO4),
sodium nitrate (NaNO3), calcium chloride (CaCl2), ammonium chloride (NH4Cl) and
aluminum chloride (AlCl3) (> 99% purity, SIGMA, St. Louis, MO) were prepared at
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concentrations of 0 (water only), 0.5, 1, 2, and 5 % (wt/vol) by dissolving salts in de-
ionized, distilled water.
Sonication Treatment Procedure
For sonication studies, a 20 kHz high-intensity ultrasound sonicator (Misonix,
Farmingdale, NY) with a 1.27 cm (0.5 in) probe was used. Ultrasonic wave intensities
were determined calorimetrically by measuring the time-dependent increase in
temperature of salt solutions treated under ambient conditions (Bober 1998). Ultrasonic
intensity (I) was calculated from the slope of the initial rise in temperature (dT/dta), the
slope of heat loss after turning off the sonicator (dT/dtb), the sample mass (m), the heat
capacity of the solvent (cp), and the radius (r) of the ultrasonic probe.
To determine the ultrasonic wave intensities of the sonicator for each treatment,
100 mL of salt solutions was sonicated at three power settings (1, 5, and 10 as indicated
on the instrument) for 10 min under ambient conditions, and the temperature change was
recorded over time. The change in temperature over time was plotted, and the slopes of
the lines were recorded. Ultrasound intensities were determined using the following
equation:
I = Q/3.14r2
where Q = m x Cp x slope of line, 
m = 100g, Cp = 4.2, and r = 0.65cm.
The calculated intensities for powers 1, 5, and 10, respectively were 9.49, 21.83, and
49.22 W/cm2. The heat capacities (cp) of salt solutions used for the calculations were
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obtained from the literature (Lide 2003).
Sterile salt solutions (90 mL) were aseptically dispensed into 250-mL glass
beakers and inoculated with 10 mL of the appropriate E. coli O157:H7 salt suspension to
yield an initial inoculum of about 8 log CFU/mL. Inoculated salt solutions were
immediate placed in either an ice bath (~1°C) or a 40°C water bath and treated with
sonication for up to 10 min at intensity levels of 9.49, 21.83, and 49.22 W/cm2. The
ultrasonic probe was sterilized and cleaned with 95% ethanol prior to sonication
treatments.
Enumeration Studies
Survival of E. coli O157:H7 during sonication treatment was determined in salt
solutions after treatment for 0 (immediately after inoculation), 1, 5, and 10 min at each
intensity level. Samples were serially diluted in the appropriate sterile salt solution and
surface plated (0.1 mL) onto duplicate TSA plates, followed by incubation at 37°C for 24
hr. Counts were recorded and transformed to log CFU/mL.
pH Measurement
The pH of salt solutions was determined using an Accumet Basic AB15 pH meter
(Fisher Scientific, Pittsburgh, PA).
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Spectrophotometric Hydrogen Peroxide Assay
Hydrogen peroxide concentration, before and after sonication, was determined
using an enzyme-catalyzed assay with N,N,-diethyl-1,4-phenylendiamoniumsulfate
(DPD) (Bober 1998). Potassium hydrogen phosphate and disodium hydrogen phosphate
buffer solution (300 µL ) and 2.7 mL of salt solution was rapidly and vigorously mixed
with 50 µL DPD and peroxidase (type II, 100 U/mg), and the extinction at 551 nm was
immediately determined at 5-sec intervals for up to 5 min. Based on the original protocol
(Bober 1998), the absorbance after 60 seconds was used for quantification of hydrogen
peroxide concentrations.  For quantification, a calibration curve was constructed using
the extinction dilutions of (NH2)CO.H2O2 at concentrations ranging from 0.1 to 100
µmol/L. The extinction at 551 nm versus (NH2)CO.H2O2 concentration was linear up to
concentrations of 10 µmol/L in accordance with Beer-Lambert’s law.
Statistical Analysis
All experiments were performed in triplicate. Recovery of E. coli O157:H7 by
direct plating was statistically analyzed using the mixed procedure (PROC MIXED) of
SAS (Version 8.2; SAS Institute, Cary, NC). The experimental design was a randomized
block design, blocked on replication. Means were separated using LSMEANS, and
significant differences were defined at p<0.05.
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RESULTS
Studies to recover injured cells of E. coli O157:H7 showed both an increase in
ultrasound treatment time and intensity induced cell death. An increase in cell reduction
also occurred when treatments were performed at 40°C than when treatments occurred in
an ice bath. However, the impact of salt concentration on cell lethality varied depending
on the salt. Significant differences (p<0.05) of bacterial reduction existed between
intensity levels, treatment times and treatment temperatures.
Influence of pH and Temperature Control
The addition of ionic compounds that may dissociate in a polar solvent may result
in an alteration of system pH. Table 1 (all tables are located in the appendix) shows an
overview over the observed changes in system pH upon the addition of the different salts.
The results indicate that some of the salts act as weak acids or weak bases depending on
the nature of the anion and cations. For example, sodium nitrate, a weak base, increases
the system pH from 5.4 to 6.1 while aluminum chloride acts as a weak acid and reduces
system pH from 5.4 to 4.6. Nevertheless, the observed changes in pH are small.
Ultrasound treatment was performed under temperature conditions of a 4°C ice
bath and a 40°C water bath. Table 2 shows the temperature ranges in one-minute
intervals for these treatments at intensity levels of 9.49, 21.83, and 49.22 W/cm2. 
Treatment in a 4°C ice bath was performed to mimic room temperature conditions for the
sample, and the temperatures for this method of treatment ranged from 13.1 to 21.9°C.
Treatment at 40°C was performed in order to limit temperature fluctuations of the sample
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above 40°C, and the temperatures for this method ranged from 20.0 to 49.1°C. For the
purpose of simplicity, these temperature conditions will further be referred to as “ice
bath” treatment and “40°C” treatment.
Effect of Salts Alone
The addition of solutes in the absence of ultrasound treatment resulted in a small
reduction of the microbial population compared with bacteria that were suspended in salt-
free solutions. At 40°C, no difference in bacterial reduction existed between AlCl3
concentrations, with the exception of 5% AlCl3, where an initial (i.e., 0 min) reduction of
0.6 log was observed with 5% AlCl3 and a 1 log-reduction was observed with all other
AlCl3 concentrations (Fig 1A; all figures are located in the appendix). The presence of
other salts in the absence of ultrasound lead to similar or smaller reductions in the
number of viable cells (< 1 log, Fig 2A). 
Effect of High-Intensity Ultrasound Alone 
In the absence of solutes when E. coli O157:H7 was treated with ultrasound at
40°C, a 0.7 log-reduction occurred at an ultrasonic intensity of 9.49 W/cm2 after 10 min
of treatment, and a 1.0 log-reduction occurred at 21.83 W/cm2 after 10 min of treatment
(csalt = 0% (wt/vol): Figs 1A; 1B). At 49.2 W/cm2, a 2.9 log-reduction was found  under
these same conditions (Fig 1C).  In an ice bath, ultrasound treatment did not noticeably
reduce the number of viable cells i.e. the initial population after 10 min of treatment at
9.49 W/cm2 was reduced by 0.3 logs (Fig 1D) while a 0.5 log-reduction after 10 min of
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treatment at intensity levels of 21.83 and 49.22 W/cm2, respectively was observed (Fig.
1E and 1F).
Effect of Salt Concentration and High-Intensity Ultrasound
The concentration of added salt greatly influenced the rate of survival of
ultrasonically treated E. coli O157:H7 cells but rate of inactivation varied depending on
ultrasonic intensity level, solute concentration and temperature (Fig. 1A-E). At 40°C and
9.49 W/cm2 after 10 min of ultrasound treatment, a 2.4 - 2.9 log-reduction in bacterial
population, independent of the salt concentration, was found (Fig 1A). At 21.83 W/cm2
and 40°C, complete inactivation of bacteria suspended in 5% AlCl3 occurred after 5 min
of treatment, whereas complete inactivation of bacteria suspended in all other AlCl3
concentrations were undetected after 10 min of treatment time (Fig 1B). At 49.22 W/cm2
and 40°C, no detection of bacteria in all AlCl3 concentrations occurred after 5 min of
treatment time. 
In an ice bath, differences between bacterial inactivation in ultrasonically-treated
0.5, 1.0, and 2.0% AlCl3 solutions were not pronounced at 9.49 W/cm2 (Fig 1D).
However, ultrasound treatment of E. coli suspended in 5% AlCl3 solution at the same
ultrasonic intensity resulted in a 3.4 log-reduction after 10 min of treatment (Fig 1D).
Treatment at 21.83 W/cm2 in an ice bath yielded slight differences in efficiency of
ultrasonic deactivation depending on the salt concentrations. For example, there was an
approximate 0.5 log-reduction difference in the number of recovered cells suspended in
0.5% AlCl3 and 1.0% AlCl3, and a 0.5 log-reduction difference between 1.0% AlCl3 and
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2.0% AlCl3 indicating that the inactivation increased with increased salt concentration
(Fig. 1E). Addition of 5% AlCl3 resulted in complete inactivation under these same
conditions (ice bath, 21.83 W/cm2) after 10 min of treatment. The influence of salt
concentration became pronounced when E. coli cells were treated with ultrasound at
49.22 W/cm2 in an ice bath. There was an approximate 1.0 log difference between
solutions containing 0.5% AlCl3 and 1.0% AlCl3, and an additional approximate 1.0 log-
reduction between solutions containing 1.0% AlCl3 and 2.0% AlCl3 (Fig 1F). After 5 min
of ultrasound treatment at 49.22 W/cm2 and in an ice bath, there was no detection for all
bacteria suspended in 5% AlCl3 (Fig 1F).
Effect of Ultrasonic Wave Intensity 
Ultrasonic wave intensities varied between 9.49 and 49.22 W/cm2. Regardless of
the temperature that solutions had during the ultrasound treatment, bacterial inactivation
increased with increasing ultrasonic intensities. For example, ultrasonication at 40°C in
1% AlCl3 at 9.49 W/cm2 led to a 0.9 log-reduction (Fig 1A), and at 21.83 W/cm2, led to a
1.8 log-reduction (Fig 1B). Treatment at 49.22 W/cm2 under these same conditions led to
no detection of the bacteria after five min (Fig 1C).
Effect of Sonication Temperature
Sonication of all solutions under the temperature condition of 40°C was generally
much more effective in decreasing survival of E. coli O157:H7 than ultrasonication in an
ice bath regardless of whether solutes were present or absent. When samples were treated
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by sonication in an ice bath, there was no complete inactivation of the bacteria, with the
exception of 5% AlCl3 samples that were treated at 21.83 W/cm2 for 10 min (Fig 1E) and
49.22 W/cm2 for 5 min (Fig 1F). This strongly contrasts results obtained at 40°C, where
ultrasound treatment led to no detection of bacteria suspended in all AlCl3 solutions after
5 min of treatment at 49.22 W/cm2 (Fig 1C). The 40°C treatment temperature also led to
total inactivation of bacteria suspended in 0.5% NH4Cl, 0.5% NaNO3 (Fig 2C), and 5%
Na2PO4 (Fig 3C) after 10 min of treatment at 49.22 W/cm2.
Effect of Salt Type
Salts NaCl, NaPO4, NaNO3, CaCl2, NH4Cl, and AlCl3 were dissolved in water to
obtain solutions with concentrations of 0.5%, 1.0%, 2.0% and 5.0% (wt/vol). Bacteria
were suspended and solutions were treated with ultrasound at the two temperatures (ice
bath, 40°C) and three intensity levels (9.49, 21.83, 49.22 W/cm2). Figure 2 shows results
obtained at a the lowest salt concentration of 0.5% (wt/vol) while Figure 3 shows
inactivation results at the highest salt concentration of 5% (wt/vol).
Generally, NaCl was the least effective salt regardless of temperature, intensity
level and salt concentration (Fig. 2 and 3). For example at a concentration of 0.5% NaCl,
E. coli O157:H7 survival at 40°C decreased by 0.6, 1.1 and 1.9 logs for 9.49, 21.83 and
49.22 W/cm2, respectively (Fig 2A-C). In an ice bath, ultrasound treatment of a 0.5%
NaCl solution had an even smaller inhibitory effect, i.e. < 1 log-reduction for all
treatment times and ultrasonic intensities (Fig. 2D-F). Sodium chloride at a concentration
of 5.0% showed a greater effect, with reductions ranging from 1 - 4.6 log in an ice bath
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for all treatment times and intensity levels (Fig 3A-C), and reductions ranging from 0.3 -
1.7 log in an ice bath for all treatment times and intensity levels (Fig 3D-F).
The most effective salt that had detrimental effects on survival of ultrasound-
treated E. coli O157:H7 suspensions regardless of temperature, salt concentration and
ultrasonic intensity was AlCl3. When bacteria were sonicated in 0.5% AlCl3 at 40°C,
there was no recovery of the bacteria at 21.83 W/cm2 after 10 min (Fig 2B) and 49.22
W/cm2 after 5 min (Fig 2C), and in an ice bath, reductions ranged from 0.3 - 1.1 log (Fig
2D-F). Ultrasound treatment of E.coli cells in the presence of 5% AlCl3 at intensity levels
of 21.83 and 49.22 W/cm2 at 40°C led to no recovery after 5 min (Fig 3B-C), and in an
ice bath, no recovery was achieved after 10 min at 21.83 W/cm2 (Fig 3E) and after 5 min
at 49.22 W/cm2 (Fig 3F).
Ultrasonic-initiated inactivation of E. coli cells in the presence of other solutes
showed similar trends as NaCl and AlCl3, that is the reduction on viable cells increased
at higher temperature and at increasing ultrasonic intensities. Interestingly, the salt
concentration generally had less of an effect on the inactivation if the sonication was
conducted at a higher temperature, but effects of salt concentration on inactivation
greatly varied depending on salt type (Fig. 2 and 3). 
DISCUSSION
With the noticeable exception of AlCl3, the sole presence of salts without the
application of high-intensity ultrasound did not cause a large reduction on the number of
viable cells. This can be attributed to the lack of high osmotic stresses that are typical in
30
solutions with high salt concentrations. Furthermore, water activity, is also not depressed
at such low salt concentrations, generally addition of 5% (wt/vol) of a small solute may
reduce the water activity from 1 to 0.95. Thus, inactivation is primarily caused by the
application of high-intensity ultrasound and some level of inactivation of E. coli
O157:H7 cider strain was achieved with all salt concentrations, temperatures, intensities,
and time combinations. Ten min of treatment time yielded the highest level of
inactivation regardless of other parameters which is similar to the findings of other
researchers who reported sonication treatment time is one of the primary processing
parameters that determines the final level of cell inactivation (Villamiel and Jong 2000). 
The extent of susceptibility of the bacterium to ultrasonic intensities varied. The
greatest intensity used, 49.22 W/cm2, showed the greatest effect on bacterial inactivation
regardless of all other treatment parameters. By increasing the ultrasonic wave intensity,
the number of initiated cavitational events and the size of the cavitational bubbles will
also increase which results in more turbulent conditions that may increase cell death (Hua
and Thompson 2000). Our results are in agreement with previous research that
demonstrated that an increase in wave intensity resulted in a decrease in decimal
reduction times for the bacterium E. coli HB101, and that the rate of bacterial cell
inactivation by ultrasonic waves increased with increasing wave amplitude (Allison et al.
1996; Pagan et al. 1999). A first order model has been proposed for the relationship
between ultrasonic intensity and the inactivation rate, i.e. the inactivation rate of
manosonicated bacterial cells increased exponentially as the amplitude of ultrasonic
waves increased linearly (Manas et al. 2000). Thus, the total level of cell inactivation can
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be finely controlled by controlling the ultrasonic intensity and duration of the treatment
(Allison et al. 1996).
Inactivation also increased at higher temperature condition e.g. 40°C compared to
an ice bath. When heat is applied along with ultrasound, cell disruption is enhanced. This
increase in cell destruction has been attributed to the fact that the bacterial cell is being
stressed in more that one way, that is thermally and mechanically (Earnshaw et al. 1995).
Ultrasound treatment of samples at 40°C caused a small temperature increase in the
treated sample, with a maximum temperature of ~50°C being reached. This temperature
alone is not sufficient to result in large reductions of bacterial populations, but does show
synergism when used in combination with ultrasound. This synergism suggests that
ultrasonic treatment in combination with elevated temperatures, e.g. thermosonication, is
a viable method to achieve satisfactory levels of inactivation while preventing major
thermally induced degradations in quality of the product (Ordonoz et al. 1984).
While cells were inactivated in the absence of salts, the total reduction differed
greatly from the inactivation observed in suspensions that contained salts. The largest
reduction in the absence of salts observed was approximately 2 logs and required long
sonication times (>10 min), high temperatures (> 40°C) and high ultrasonic intensities (>
50 W/cm2). Clearly, for regulatory required reductions of the initial pathogen population,
harsher conditions such as longer ultrasound treatment times, higher temperatures and
ultrasonic intensities would be required. Remarkably, addition of even small
concentrations of salt had dramatic impacts on the ultrasonically induced inactivation but
the influence of solutes varied with salts and with concentrations. The difference between
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inactivation in the presence and absence of salts could be as large as 7 logs which was the
case for AlCl3 containing cell suspensions or as small as 1 log as was the case for NaCl. 
AlCl3 also showed a 1 log reduction of the bacteria prior to application of ultrasound
indicating that is it had intrinsic antimicrobial properties. Aluminum is a known inhibitor
and inactivator of E. coli which has been attributed to a displacement of protons from cell
surfaces by metal cations and transport to intracellular binding sites through Fe(III)
transport pathways (Guida et al. 1991). Hence, aluminum salts in conjunction with other
treatments may provide a large enough hurdle to significantly decrease or completely
inactivate the bacteria. In contrast, E. coli O157:H7 is known to survive in NaCl, the least
effective salt, up to concentrations of approximately 4% (wt/vol) (Albrecht 2004).
The results differ from similar experiments on the thermal inactivation of
microorganisms in the presence of salts. Small concentrations of solutes in the medium
have shown to aid the survival of microbial cells that are subjected to thermal stresses
(Praphailong and Fleet 1997; Almagro et al. 2000). Addition of salts has a variety of
effects on systems that contain cells. For example, the presence of dissociated cations and
anions alter the phase transition temperature of cells membranes, that is the gel to liquid
crystalline transition temperature Tm where the bilayer looses much of its ordered
structure due to a “melting” of the hydrocarbon chains. Addition of ionic compounds
may alter the electrostatic interactions between the headgroups of the polar lipids and the
headgroup of the solvent due to (1) electrostatic screening and (2) increased interaction
of water molecules with salts. Interestingly, the phase transition temperature of lipid
bilayers and required enthalpy to cause the phase transition decreases which
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consequently should promote cell disintegration and decrease rate of survival of
microorganisms subjected to thermal stresses (Böckmann et al. 2003). However, addition
of salts simultaneously increases the thermal stability of protein and enzyme complexes
(Inouye et al. 1998) which are essential in maintaining the metabolic functions of the cell.
We consequently propose a different mechanism for ultrasonically-initiated
deactivation of bacterial cells in the presence of salts. We suggest that the increased level
of inactivation is due to a combination of factors one of which is the increased production
of radical species in the system. Sonoluminescence has long been attributed to the
production of radical species (Didenko and Suslick 2002). The presence of salts in an
ultrasonicated aqueous system have been shown to increase the sonoluminescence
intensity (Gunther et al. 1956; Finch 1963; Sehgal et al. 1980), a first indication that
addition of salts may lead to increases in the generation of radical species.. While the
addition of 1M NaCl did not noticeably affect sonoluminscence activity, an increase to
2M NaCl increases sononluminescence activity by a factor of seven (Harvey 1939;
Negishi 1961; Jarmon and Taylor 1970). 
Using a spectrophotometric enzyme assay, hydrogen peroxide concentration in
ultrasonicated solutions was measured as a function of sonication time, intensity, salt
concentration and type at 22°C (Table 3). It should be noted that previous ultrasonication
experiments were carried out in an ice bath and at 40°C, but the enzymatic
spectrophotometric assay required a temperature of 22°C. Generally, hydrogen peroxide
concentration increased with increasing sonication time and intensity, i.e. the hydrogen
peroxide concentration increased from 0 to 3.8, 5.7 and 9.8 µmol/L after sonication for
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10 min at 9.5, 21.8 and 49.2 Wcm-2, respectively. Addition of 5% (wt/vol) NaCl nearly
doubled the hydrogen peroxide concentration that is the concentration increased to 10.2,
13.3 and 15 µmol/L (Table 3). Overall hydrogen peroxide concentrations after 10 min of
sonication were even higher in the presence of AlCl3. Concentrations increased to 15,
17.4 and 23.8 µmol/L if solutions were ultrasonicated at 9.49, 21.83 and 49.22 W/cm2,
respectively (Table 4). 
The generation of hydrogen peroxide has been previously investigated. Henglein
and Suslick suggested that the existence of three reaction zones, one inside the
cavitational bubble, one in the interfacial layer between the gaseous bubble content and
the solvent and one in the solvent phase (Henglein 1987; Suslick et al. 1987). The
hemolytic lysis of water inside the bubble results in formation of hydrogen and hydroxide
radicals. Subsequent reactions in the interface and the solvent phase may lead to the
production of a number of radical species but primarily results in formation of hydrogen
peroxide (Bober 1998). The presence of salts may act as catalysts to increase the
concentration of hydrogen peroxide or alternatively may increase the subsequent reaction
of hydrogen peroxide with susceptible components (Strukul 1992). Hydrogen peroxide
may then interact with bacterial cells walls to cause oxidation of lipid membranes,
disruption of enzymatic activity of protein complexes responsible for ATP production
and maintenance of solute concentration in the cell interior and damage genetic material
required for reproduction of cells. Thus, the chemical effects of high-intensity ultrasound
e.g. the increased production of hydrogen peroxide in the presence of salts, may
contribute to the observed increases in cell death.
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Addition of salts also alters the physiochemical properties of the solvent. While
viscosity, and surface tension  is not noticeably altered by the addition of salts and can
therefore not count for the increase in sonoluminescence activity (Lide 2003), a
correlation between increased sonoluminescence intensity and changes in gas solubility
due to the presence of salts has been demonstrated (Wall et al. 1999). Gas solubility is
thought to be a key parameter affecting both sonoluminescence intensity and bubble
interactions (Weissman and Pugh 1995; Bunkin et al. 1997). With increased salt
concentrations, gas solubility decreases, and with this decrease, the internal pressure
within a bubble may be lowered and allow for a more violent bubble collapse (Wall et al.
1999). This mechanical stresses exerted in the vicinity of the collapsing bubbles may be
larger which may increase bacterial cell membrane disruption. It should be noted
however, that a threshold level of salt concentration exists above which intensity of
sonoluminescence again decreases, a fact that has not yet been satisfactorily explained.
(Wall et al. 1999).
Finally, the addition of ionic compounds that may dissociate in a polar solvent
may result in an alteration of system pH. Table 1 shows an overview over the observed
changes in system pH upon the addition of the different salts. The results indicate that
some of the salts act as weak acids or weak bases depending on the nature of the anion
and cations. For example, sodium nitrate, a weak base increases system pH from 5.4 to
6.1 while aluminum chloride acts as a weak acid and reduces system pH from 5.4 to 4.6.
Nevertheless, the observed changes in pH are small.
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CHAPTER III
INACTIVATION OF LISTERIA MONOCYTOGENES BY HIGH-INTENSITY
ULTRASOUND IN THE PRESENCE OF SALTS
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OBJECTIVE
The objective of this study was to evaluate the efficacy of various salts and salt
concentrations, ultrasound treatment times, and ultrasound intensities to increase the
inactivating effect of high-intensity ultrasound against Listeria monocytogenes Scott A.
The influence of these treatment parameters on L. monocytogenes Scott A inactivation
were also compared at different treatment temperatures.
MATERIALS AND METHODS
Culture Preparation
L. monocytogenes Scott A was grown in nine mL of tryptic soy broth (TSB;
Difco, BD Diagnostic Systems; Sparks, MD) at 32°C for 24 hours, with a minimum of
two successive transfers before use in sonication studies. Cells were harvested by
centrifugation at 6,000 x g at 4°C for 12 min. The supernatant was decanted, and the
pellet was resuspended in nine mL of the appropriate sterile salt solution. L.
monocytogenes populations in salt solutions were determined by surface plating (0.1 mL)
serial dilutions (in appropriate salt solution) onto tryptic soy agar (TSA; Difco, BD
Diagnostic Systems; Sparks, MD), followed by incubation at 32°C for 48 hr.
Salt Solution Preparation
Aqueous solutions of sodium chloride (NaCl), sodium nitrate (NaNO3) and
aluminum chloride (AlCl3) (> 99% purity, SIGMA, St. Louis, MO) were prepared at
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concentrations of 0 (water only), 0.5, 1, 2, and 5 % (wt/vol) by dissolving salts in
deionized, distilled water.
Sonication Treatment Procedure
For sonication studies, a 20 kHz high-intensity ultrasound sonicator (Misonix,
Farmingdale, NY) with a 1.27 cm (0.5 in) probe was used. Ultrasonic wave intensities
were determined calorimetrically by measuring the time-dependent increase in
temperature of salt solutions treated under ambient conditions (Bober 1998). Ultrasonic
intensity (I) was calculated from the slope of the initial rise in temperature (dT/dta), the
slope of heat loss after turning off the sonicator (dT/dtb), the sample mass (m), the heat
capacity of the solvent (cp), and the radius (r) of the ultrasonic probe.
To determine the ultrasonic wave intensities of the sonicator for each treatment,
100 mL of salt solutions was sonicated at three power settings (1, 5, and 10 as indicated
on the instrument) for 10 min under ambient conditions, and the temperature change was
recorded over time. The change in temperature over time was plotted, and the slopes of
the lines were recorded. Ultrasound intensities were determined using the following
equation:
I = Q/3.14r2
where Q = m x Cp x slope of line, 
m = 100g, Cp = 4.2, and r = 0.65cm.
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The calculated intensities for powers 1, 5, and 10, respectively were 9.49, 21.83, and
49.22 W/cm2. The heat capacities (cp) of salt solutions used for the calculations were
obtained from the literature (Lide 2003).
Sterile salt solutions (90 mL) were aseptically dispensed into 250-mL glass
beakers and inoculated with 10 mL of the appropriate Lsalt suspension to yield an initial
inoculum of about 8 log CFU/mL. Inoculated salt solutions were immediate placed in
either an ice bath (~1°C) or a 40°C water bath and treated with sonication for up to 10
min at intensity levels of 9.49, 21.83, and 49.22 W/cm2. The ultrasonic probe was
sterilized and cleaned with 95% ethanol prior to sonication treatments.
Enumeration Studies
Survival of L. monocytogenes during sonication treatment was determined in salt
solutions after treatment for 0 (immediately after inoculation), 1, 5, and 10 min each
intensity level. Samples were serially diluted in the appropriate sterile salt solution and
surface plated (0.1 mL) onto duplicate TSA plates, followed by incubation at 32°C for 48
hr. Counts were recorded and transformed into log CFU/mL. 
pH Measurement
The pH of salt solutions was determined using an Accumet Basic AB15 pH meter
(Fisher Scientific, Pittsburgh, PA).
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Statistical Analysis
All experiments were performed in triplicate. Recovery of L monocytogenes Scott
A by direct plating was statistically analyzed using the mixed procedure (PROC MIXED)
of SAS (Version 8.2; SAS Institute, Cary, NC). The experimental design was a
randomized block design, blocked on replication. Means were separated using
LSMEANS, and significant differences were defined at p<0.05.
RESULTS
Treatment of L. monocytogenes Scott A with high-intensity ultrasound showed a
distinct increase in inactivation with an increase in treatment intensity. A higher
temperature and higher treatment intensity also increased inactivation, as did an increase
in solute concentration. Observed pH changes with addition of solutes was very small.
The results for L. monocytogenes Scott A treated with high-intensity ultrasound followed
the same pattern of E. coli O157:H7 treatment, with L. monocytogenes Scott A being
more resistant to the treatment conditions.
Influence of pH and Temperature Control
The addition of ionic compounds that may dissociate in a polar solvent may result
in an alteration of system pH. Table 1 shows an overview over the observed changes in
system pH upon the addition of the different salts. The results indicate that some of the
salts act as weak acids or weak bases depending on the nature of the anion and cations.
For example, sodium nitrate, a weak base, increases the system pH from 5.4 to 6.1 while
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aluminum chloride acts as a weak acid and reduces system pH from 5.4 to 4.6.
Nevertheless, the observed changes in pH are small.
Ultrasound treatment was performed under temperature conditions of a 4°C ice
water bath and a 40°C water bath. Table 2 shows the temperature ranges in 1- min
intervals for these treatments at intensity levels of 9.49, 21.83, and 49.22 W/cm2. 
Treatment in a 4°C ice bath was performed to mimic room temperature conditions for the
sample, and the temperatures for this method ranged from 13.1 to 21.9°C. Treatment at
40°C was performed in order to limit temperature fluctuations of the sample above 40°C,
and the temperatures for this method ranged from 20.0 to 49.1°C. For the purpose of
simplicity, these temperature conditions will further be referred to as “ice bath” treatment
and “40°C” treatment.  
Effect of Salts Alone
The addition of solutes in the absence of ultrasound treatment resulted in only a
very slight reduction of the L. monocytogenes population compared with bacteria that
were suspended in salt-free solutions. The only reduction at  40°C occurred with the
addition of 5% AlCl3 (0.2 log reduction) (Fig 5A, t=0) and in an ice bath, suspension in
1% AlCl3 led to 0.3 log reduction in the number of viable cells.
Effect of High-Intensity Ultrasound Alone
When no solutes were present and L. monocytogenes was treated with ultrasound
at 40°C, a 0.2 log-reduction was seen after treatment at 9.49 W/cm2 for 10 min (Fig 5A),
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and a 0.9 log-reduction was seen after treatment at 22.83 W/cm2 for 10 min (Fig 5B).
After 10 min of treatment time at 49.22 W/cm2, a 3.5 log-reduction occurred under these
same conditions (Fig 5C). Little reduction was seen with treatment in an ice bath with no
salts present. This can be seen by comparing Figures 5D and 5E which show 0.2 log and
0.3 log reductions after 10 min of treatment at 9.49 and 22.83 W/cm2, respectively to
Figure 5F which shows a 0.5 log-reduction after 10 min of treatment at 49.22W/cm2.
Effect of Solute Concentration and High-Intensity Ultrasound
The salts NaCl, NaNO3, and AlCl3 were used at concentrations of 0.5%, 1.0%,
2.0% and 5.0% (wt/vol). Treatment at 40°C showed similar reduction results (3 - 3.7 log;
Fig 5A) for AlCl3 at all concentrations for 10 min of treatment at 9.49 W/cm2. This trend
remained for the other intensity levels, with inactivation ranging from 4.1 - 5.2 log
reduction at 22.83 W/cm2 (Fig B) and 3.9 - 4.0 log-reduction at 49.22 W/cm2 (Fig 5C). 
Treatment in an ice bath showed a lesser effect on the bacteria than treatment at
40°C, however, the effect of AlCl3 concentrations followed the same trend. There was a
0.9 log-reduction range between solute concentrations after 10 min of treatment at 9.49
W/cm2 (Fig 5D) and a 0.6 and 0.4 log reduction range between solute concentrations after
10 min of treatment at 49.22 W/cm2 (Fig 5E; Fig 5F). 
Sodium chloride concentrations all had a similar effect on L. monocytogenes
reduction. Treatment at all intensity levels and times for NaCl at 40°C all showed less
than a 1 log difference in reduction at a given intensities (Figs 6A-C). At 4°C, there was
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an even smaller impact of solute concentration (> 0.6 log difference) at a given intensity
level (Figs 6D-F).
Effect of Ultrasonic Wave Intensity
L. monocytogenes Scott A inactivation increased with an increase in the treatment
intensity regardless of treatment temperature (p<0.05). The intensity levels used in this
experiment were 9.49, 22.83, and 49.22 W/cm2.  At 9.49 W/cm2, a small (< 1 log)
reduction was seen with NaCl and NaNO3 under all treatment conditions. For AlCl3 a
greater (0.5 - 3.7 log) reduction was obtained (Figs 5A; 5D) . Treatments at 22.83 W/cm2
showed an adverse (1 - 4.9 log reduction) effect regardless of other experimental
conditions (Figs 5B; 5E). The highest intensity used (49.22 W/cm2) was the most
effective treatment with bacterial reductions ranging from 0.8 - 5.9 logs (Figs 5C; 5F). A
6.0 log-reduction occurred with treatment for 10 min in 0.5% NaCl at 40°C (Fig 6C) and
a 5.7 log-reduction occurred with in 5% NaNO3 under the same conditions (Fig 7C).
Effect of Sonication Temperature
Sonication treatment under temperature conditions of both an ice bath and 40°C
were both examined. L. monocytogenes Scott A was more susceptible to sonication
treatment in the 40°C water bath as compared to an ice water bath (p<0.05). The greatest
level of reduction at 40°C was a 6 log-reduction occurring after 10 min of treatment at
49.22 W/cm2 in 0.5% NaCl (Fig 5C). The greatest level of reduction in an ice bath was a
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3.1 log decrease which occurred after 10 min of treatment at 49.22 W/cm2 in 5% NaNO3
(Fig. 7F). 
Effect of Salt Type
The salts NaCl, AlCl3 and NaNO3 were used at concentrations of 0.5, 1.0, 2.0, and
5.0% (wt/vol). The least effective salt in an ice bath was NaCl, which showed a reduction
less than one log (Fig 6F). At 40°C, however, NaCl showed reductions ranging from 5.5
to 5.7 log with treatments for 10 min at 49.22 W/cm2.  Sodium chloride at a 0.5% level
showed the greatest reduction (6 log reduction) at 40°C for 10 min at 49.22 W/cm2 (Fig
6C).
L. monocytogenes Scott A sonicated in an ice bath in AlCl3 experienced a slight
(> 2 log) inactivation, and reductions ranging from 3 - 4.9 log at 40°C (Fig 5). Sodium
nitrate (NaNO3) was the most effective salt in an ice bath (0.3 - 3.1 log reduction) and at
40°C yielded 0.3 - 5.7 log reductions (Fig 7). There was a general trend of increasing
bacterial inactivation with increasing salt concentration with the salts NaCl and NaNO3.
Effect of Ultrasound Treatment Time
A treatment time of one min showed a slight (< 1 log) decrease in L.
monocytogenes when treated at all temperatures and concentrations of NaCl and NaNO3,
and a greater (0.7 - 1.9 log) decrease when treated at all temperatures and concentrations
of AlCl3 (Fig 5). For all salt concentrations at 40°C, treatment times of five min showed a
wide range of effects (0.1 - 5.2 log reduction), as did treatment times of 10 min (0.1 - 6.0
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log reduction). Reductions were less when treatments occurred in an ice bath, however,
the same trend of increased bacterial inactivation with increased treatment time still
followed.
DISCUSSION
Under treatment conditions of all salt concentrations, temperatures, intensities,
and time combinations, some level of inactivation of L. monocytogenes Scott A was
achieved. Ten min of treatment time yielded the highest level of inactivation under all
other parameters. Bacterial inactivation increased with a combination of time and
temperature (Villamiel and Jong 2000).
Increased inactivation also increased with increased intensity levels. The highest
levels of inactivation occurred with treatment at 49.22 W/cm2 in conjunction with
treatment at 40°C. Treatment at higher intensities, higher temperatures, or longer time
periods are each beneficial to bacterial inactivation. However, when combinations of
these hurdles are used, they show a synergistic effect on inactivation, much stronger than
the sums of each individual treatment (Ordonoz et al 1984).  
Inactivation of L. monocytogenes Scott A with ultrasound treatment in the
presence of solutes was less than inactivation of E. coli O157:H7 under the same
conditions. Some studies have shown a difference in inactivation rates of Gram-negative
and Gram-positive bacteria. Gram-positive bacteria have proven to be more resistant to
sonication than Gram-negative bacteria (Ahmed & Russell 1975; Davies 1959).  Theories
for these phenomena are based on the proposal that sonication damages the cell by a
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mechanism of cell wall-based destruction of the bacterium. These theories are
rationalized by the fact that Gram-positive bacteria contain a cell wall composed of a
thick peptidoglycan layer, whereas the peptidoglycan layer of Gram-negative bacteria is
much thinner. Thus, the peptidoglycan layer could aid in the protection of Gram-positive
bacteria from the damaging effects of sonication.
The lesser impact of ultrasound treatment on L. monocytogenes Scott A could
possibly be a result of protection by its thick peptidoglycan layer in the cell wall and by
the resistance of this organism to increased solute levels. Survival has been shown in salt
concentrations as high as 20%. E. coli O157:H7 was more sensitive to increased salt
concentrations. This could be because E. coli O157:H7 is more adversely affected by
solute concentration and has a thinner peptidoglycan layer than L. monocytogenes. 
Lethality of both L. monocytogenes Scott A and E. coli O157:H7 was more
pronounced at higher solute concentrations. One possible explanation for this is that
solutes are believe to increase the efficacy of cavitation. If the bacteria are inactivated by
a cavitational-induced mechanism, this increase of solute concentration would aid in the
formation of cavitation bubbles which impart irreversible cell damage and result in
cellular death (Raso et al 1998). 
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CHAPTER IV
INACTIVATION OF ESCHERICHIA COLI O157:H7 BY HIGH-INTENSITY
ULTRASOUND IN THE PRESENCE OF TWEEN 20.
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OBJECTIVE
The objective of this study was to evaluate the efficacy of various Tween 20
concentrations, ultrasound treatment times and ultrasound intensities to increase the
inactivating effect of high-intensity ultrasound against Escherichia coli O157:H7.
MATERIALS AND METHODS
Culture Preparation
E. coli O157:H7 (cider isolate) was grown in nine mL of tryptic soy broth (TSB;
Difco, BD Diagnostic Systems; Sparks, MD) at 37°C for 16 hours, with a minimum of
two successive transfers before use in sonication studies. Cells were harvested by
centrifugation at 10,000 x g at 4°C for 10 min. The supernatant was decanted, and the
pellet was resuspended in nine mL of the appropriate sterile Tween 20 solution. E. coli
O157:H7 populations in salt solutions were determined by surface plating (0.1 mL) serial
dilutions (in appropriate salt solution) onto tryptic soy agar (TSA; Difco, BD Diagnostic
Systems; Sparks, MD), followed by incubation at 37°C for 24 hr.
Tween 20 Preparation
Aqueous solutions of Tween 20 (ICN Biomedicals Inc, Aurora, OH) were
prepared at 0.5, 4.0, and 10% (vol/vol) by dissolving tween in deionized, distilled water.
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Sonication Treatment Procedure
For sonication studies, a 20 kHz high-intensity ultrasound sonicator (Misonix,
Farmingdale, NY) with a 1.27 cm (0.5 in) probe was used. Ultrasonic wave intensities
were determined calorimetrically by measuring the time-dependent increase in
temperature of salt solutions treated under ambient conditions (Bober 1998). Ultrasonic
intensity (I) was calculated from the slope of the initial rise in temperature (dT/dta), the
slope of heat loss after turning off the sonicator (dT/dtb), the sample mass (m), the heat
capacity of the solvent (cp), and the radius (r) of the ultrasonic probe.
To determine the ultrasonic wave intensities of the sonicator for each treatment,
100 mL of salt solutions was sonicated at three power settings (1, 5, and 10 as indicated
on the instrument) for 10 min under ambient conditions, and the temperature change was
recorded over time. The change in temperature over time was plotted, and the slopes of
the lines were recorded. Ultrasound intensities were determined using the following
equation:
I = Q/3.14r2
where Q = m x Cp x slope of line, 
m = 100g, Cp = 4.2, and r = 0.65cm.
The calculated intensities for powers 1, 5, and 10, respectively were 9.49, 21.83, and
49.22 W/cm2. The heat capacities (cp) of salt solutions used for the calculations were
obtained from the literature (Lide 2003).
Sterile salt solutions (90 mL) were aseptically dispensed into 250-mL glass
beakers and inoculated with 10 mL of the appropriate E. coli O157:H7 salt suspension to
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yield an initial inoculum of about 8 log CFU/mL. Inoculated salt solutions were
immediate placed in either an ice bath (~1°C) or a 40°C water bath and treated with
sonication for up to 10 min at intensity levels of 9.49, 21.83, and 49.22 W/cm2. The
ultrasonic probe was sterilized and cleaned with 95% ethanol prior to sonication
treatments.
Enumeration Studies
Survival of E. coli O157:H7 during sonication treatment was determined in
Tween 20 solutions after treatment for 0 (immediately after inoculation), 1, 5, and 10 min
at each intensity level. Samples were serially diluted in the appropriate tween solution
and surface plated (0.1 mL) onto duplicate TSA plates, followed by incubation at 37°C
for 24 hr. Counts were recorded and transformed to log CFU/mL.
Statistical Analysis
All experiments were performed in triplicate. Recovery of E. coli O157:H7 by
direct plating was statistically analyzed using the mixed procedure (PROC MIXED) of
SAS (Version 8.2; SAS Institute, Cary, NC). The experimental design was a randomized
block design, blocked on replication. Means were separated using LSMEANS, and
significant differences were defined at p<0.05.
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RESULTS
Effect of Tween 20 Concentration
No initial effect of Tween 20 concentration on bacterial inactivation was seen
prior to sonication treatment. Concentrations of 0.5, 4.0, and 10.0% (vol/vol) Tween 20
were used in this experiment and there was no difference between inactivation levels for
all concentrations (0.4 log reduction) treated at the intensity level of  9.49 W/cm2
(p>0.05). All concentrations showed a reduction of less than 1.5 log regardless of other
treatment parameters. The highest level of reduction (1.5 log) was achieved with
utlrasound in 4% Tween 20 for 10 min at 49.22 W/cm2 (Fig 8C).
Effect of Ultrasonic Wave Intensity
Ultrasound treatment at 9.49 W/cm2 showed very little ( > 0.5 log) cellular
reduction regardless of Tween 20 concentration or treatment time (Fig 8A). The
treatments at 22.83 W/cm2 yielded reductions of 1.3, 0.6 and 0.8 log for 0.5, 4.0 and
10.0% respectively, which was achieved after a 10-min sonication treatment (Fig 8B).
The greatest reductions ( > 1.5 log) occurred with treatment at 49.22 W/cm2, and the
greatest impact was with 10 min of treatment time (Fig 8C). However, there were no
significant differences of bacterial inactivation between intensity levels (p>0.05).
Effect of Ultrasound Treatment Time
Treatment times of one min showed little ( > 0.6 log) cellular reduction regardless
of treatment intensity, and five min treatments only showed a slight inactivation   ( > 1.2
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log). The 10-min treatment was the most effective treatment time, although E. coli
O157:H7 inactivation was less than 1.5 log. The trend of increased bacterial inactivation
with increased treatment time was still followed in this experiment, and there was a
significant difference (p<0.05) of bacterial inactivation between treatment times of one
and 10 min.
DISCUSSION
Addition of Tween 20, a surfactant, to water causes a reduction in the surface
tension of the solution. Concentrations of Tween 20 above and below the critical micelle
concentration (4%) were used. Surfactants exhibit a strong tendency to absorb at
interfaces. The distinguishing characteristic of these is their polar (hydrophilic head) and
non-polar (hydrophobic tail). This arrangement allows for the molecule to orient itself in
a specific fashion at an interface, generally with the hydrophilic head oriented toward
excess water, and the hydrophobic tails directed in a fashion to avoid water. This
orientation can lead to a reduction of surface tension.
A decrease in the surface tension of a liquid may result in an increase in
ultrasound wave propagation and increased cavitation (Nascentes et al 2001). This
phenomena implies that less energy would need to be put into a sonicating system when
the surface tension is lowered. The results seen with the addition of Tween 20
concentrations did not support this trend, and inactivation was lower than treatments in
the presence of salts. Many reasons may exist for this. For example, treatments were only
conducted in an ice bath, so there is no additional effect of heat impact. The presence of
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the Tween 20 concentrations may also have prevented the formation of free radicals. The
formation of free radicals during ultrasound treatment have been show to possibly have
an impact on the inactivation of bacteria (Clarke and Hill 1970; Fu et al 1979; Armour
and Corry 1982; Dooley et al 1984). Regardless of the reasons, the use of Tween 20
showed a minimal impact on bacterial inactivation.
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Table 1. pH of aqueous salt solutions.
Concentration
(%wt/vol) NaCl Na2PO4 NaNO3 CaCl2 AlCl3
0.5 5.5 4.65 5.46 5.82 5.48
1.0 5.53 4.53 5.78 6.03 5.38
2.0 5.71 4.5 5.92 6.28 5.04
5.0 5.8 4.4 6.13 6.16 4.61
68
Table 2. Temperature profile of water1 during ultrasound treatment.
Temperature (°C) at:
Holding
condition
Treatment time
(min) 9.49 W/cm2 21.83 W/cm2 49.22 W/cm2
Ice bath 0 19.1 19.3 19.3
1 15.3 19.2 19.0
2 14.9 18.2 18.0
3 13.8 18.3 18.8
4 13.2 18.6 19.3
5 12.9 18.9 19.7
6 13.1 19.2 20.4
7 13.3 19.5 20.8
8 13.6 19.7 21.5
9 14.1 20.0 21.7
10 14.4 20.2 21.9
40°C bath 0 19.3 19.4 19.2
1 20.0 23.4 25.3
2 20.3 26.6 30.0
3 20.5 29.8 34.9
4 20.6 32.3 37.7
5 20.7 34.4 40.1
6 20.8 35.5 42.0
7 20.8 37.6 43.9
8 20.8 39.0 45.4
9 20.9 39.7 47.8
10 20.9 40.2 49.1
1 Temperature profiles were unaffected by type and concentration of salt; only
temperatures for water (0% salt) are shown.
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Table 3. Hydrogen peroxide produced in NaCl solutions during ultrasound treatment at
22°C.
H2O2 concentration (µmol/L) at:
NaCl
concentration
(% wt/vol)
Treatment 
time (min) 9.49 W/cm2 21.83 W/cm2 49.22 W/cm2
0 0 0.011 0.011 0.011
1 0.011 0.012 0.018
5 0.012 0.015 0.021
10 0.015 0.017 0.021
0.5 0 0.014 0.014 0.014
1 0.017 0.018 0.019
5 0.019 0.019 0.023
10 0.021 0.022 0.025
1 0 0.014 0.014 0.014
1 0.015 0.017 0.021
5 0.018 0.019 0.023
10 0.021 0.023 0.025
2 0 0.014 0.014 0.014
1 0.015 0.018 0.022
5 0.018 0.020 0.023
10 0.021 0.023 0.026
5 0 0.014 0.014 0.014
1 0.015 0.015 0.024
5 0.016 0.020 0.023
10 0.021 0.024 0.026
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Table 4. Hydrogen peroxide produced in AlCl3 solutions during ultrasound treatment at
22°C.
H2O2 concentration (µmol/L) at:
AlCl3
concentration
(% wt/vol)
Treatment
time (min) 9.49 W/cm2 21.83 W/cm2 49.22 W/cm2
0 0 0.011 0.011 0.011
1 0.011 0.012 0.018
5 0.012 0.015 0.021
10 0.015 0.017 0.021
0.5 0 0.016 0.016 0.016
1 0.016 0.017 0.019
5 0.019 0.022 0.025
10 0.022 0.026 0.028
1 0 0.016 0.016 0.016
1 0.016 0.017 0.018
5 0.020 0.021 0.023
10 0.023 0.024 0.027
2 0 0.016 0.016 0.016
1 0.016 0.017 0.020
5 0.020 0.022 0.026
10 0.023 0.025 0.027
5 0 0.016 0.016 0.016
1 0.017 0.017 0.023
5 0.021 0.022 0.030
10 0.026 0.027 0.034
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Figure 1. Inactivation of E. coli O157:H7 with ultrasound in AlCl3 solutions at 40°C: (A)
9.49 W/cm2, (B) 22.83 W/cm2, and (C) 49.22 W/cm2 and in an ice bath: (D) 9.49 W/cm2,
(E) 22.83 W/cm2, and (F) 49.22 W/cm2.
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Figure 2. Inactivation of E. coli O157:H7 with ultrasound in NaCl solutions at 40°C: (A)
9.49 W/cm2, (B) 22.83 W/cm2, and (C) 49.22 W/cm2 and in an ice bath: (D) 9.49 W/cm2,
(E) 22.83 W/cm2, and (F) 49.22 W/cm2.
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Figure 3. Inactivation of E. coli O157:H7 with ultrasound in 0.5% (wt/vol) salt solutions
at 40°C: (A) 9.49 W/cm2, (B) 22.83 W/cm2, and (C) 49.22 W/cm2 and in an ice bath: (D)
9.49 W/cm2, (E) 22.83 W/cm2, and (F) 49.22 W/cm2.
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Figure 4. Inactivation of E. coli O157:H7 with ultrasound in 5% (wt/vol) salt solutions at
40°C:  (A) 9.49 W/cm2, (B) 22.83 W/cm2, and (C) 49.22 W/cm2 and in an ice bath: (D)
9.49 W/cm2, (E) 22.83 W/cm2, and (F) 49.22 W/cm2.
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Figure 5. Inactivation of L. monocytogenes Scott A with ultrasound in AlCl3 solutions at
40°C: (A) 9.49 W/cm2, (B) 22.83 W/cm2, and (C) 49.22 W/cm2 and in an ice bath: (D)
9.49 W/cm2, (E) 22.83 W/cm2, and (F) 49.22 W/cm2.
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Figure 6. Inactivation of L. monocytogenes Scott A with ultrasound in NaCl solution at
40°C: (A) 9.49 W/cm2, (B) 22.83 W/cm2, and (C) 49.22 W/cm2 and in an ice bath: (D)
9.49 W/cm2, (E) 22.83 W/cm2, and (F) 49.22 W/cm2.
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Figure 7. Inactivation of L. monocytogenes Scott A with ultrasound in NaNO3 solutions
at 40°C: (A) 9.49 W/cm2, (B) 22.83 W/cm2, and (C) 49.22 W/cm2 and in an ice bath: (D)
9.49 W/cm2, (E) 22.83 W/cm2, and (F) 49.22 W/cm2.
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Figure 8. Inactivation of E. coli O157:H7 with ultrasound in Tween 20 solutions in an ice
bath: (A) 9.49 W/cm2, (B) 22.83 W/cm2, and (C) 49.22 W/cm2.
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STATISTICAL ANALYSIS PROGRAM
Statistical analyses were performed using SAS (SAS Institute, Cary, NC) version 8.2.
Part I
proc mixed data=thesis;
class power time temp salt conc;
model count= power|time|temp|salt|conc@2 / outp=errors;
lsmeans power time temp salt conc salt|conc power|time power|temp time|temp
power|salt time|salt temp|salt time|conc / adjust=tukey pdiff;
title Ecoli;
run; quit; run;
proc univariate normal plots data=errors; var resid; run;
Part II
proc mixed data=thesis;
class power time temp salt conc;
model count= power|time|temp|salt|conc@2 / outp=errors;
lsmeans power time temp salt conc salt|conc power|time power|temp time|temp
power|salt time|salt temp|salt time|conc / adjust=tukey pdiff;
title Listeria;
run; quit; run;
proc univariate normal plots data=errors; var resid; run;
Parts I and II together
proc mixed data=thesis;
class power time temp salt conc bacteria
model count=power|time|temp|salt|conc|bacteria@2 / outp=errors;
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lsmeans power time temp salt conc bacteria bacteria|power bacteria|time bacteria|temp
bacteria|salt bacteria|conc / adjust=tukey pdiff;
title Ecoli and Listeria;
run; quit; run;
proc univariate normal plots data=errors; var resid; run;
Part III
proc mixed data=thesis;
class pwr time conc;
model tween = pwr|time|conc@2 / outp=errors;
lsmeans time / adjust=tukey pdiff;
title Tween;
run; quit; run;
proc univariate normal plots data=errors; var resid; run;
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